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ABSTRACT

Piperylene concentrate is a complex mixture of 5-carbon unsaturates.

The major components are trans-1,3-pentadiene, cis-1,3-pen-

tadiene and cyclopentene.

The object of this work is to form a

product high in cyclopentene and a product high in the pentadienes,
through the use of 13X zeolite molecular sHves.
~

Separation by

molecular sieves is difficult because of the tendency of trans and
cis pentadiene to polymerize on the sieve and to thus decrease the
adsorptive capacity of the sieve.

Nitrogenous bases (dimethylamine,

pyridine, and piperidine) were used in an attempt to neutralize any
acid sites on the sieve.

Dealumination by EDTA was used to decrease

the number of electron deficient aluminum cations.

Cation exchange

with iron, copper, potassium, and barium were used in an attempt to
decrease polymerization.

Silylation, esterification, and methyla-

tion were attempted to decrease the number of polymerization sites.
The degree of polymerization inhibition achieved by the different treatment procedures was determined by a comparison of adsorptive capacity (g adsorbate/g sieve) and by percent desorption ((g
recovered adsorbate/g adsorbate) X 100).

The copper exchanged 13X

sieve showed very high initial adsorptive capacity at 0.42 g adsorbate/g sieve and the highest percent desorption at nearly 100% for
the first two runs.

The methylated and silylated 13X sieves showed

high adsorptive capacity but low percent desorption.
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INTRODUCTION

Piperylene concentrate is a complex mixture of 5-carbon unsaturates whose major components are trans-1,3-pentadiene, cis-1,3-pentadiene and cyclopentene.

The average composition of piperylene

concentrate is given in Table I.

The piperylene concentrate used

in this study was obtained from Dow Chemical Company, Freeport,
Texas.
Various means of separating piperylene concentrate have been
attempted. This has been reviewed in 1979 1 . The object of this
present work is to form a product high in cyclopentene and a product
high in the pentadienes, through the use of a fixed bed continuous
separation with 13X zeolite molecular sieves.

Separation of pip-

erylene concentrate by zeolites is difficult because of the tendency of trans and cis pentadiene to polymerize on the acid sites of
the sieve.

This destroys sieve capacity and selectivity.

It is

important both to lower the catalytic activity of the zeolite and
still maintain the high adsorptive capacity and selectivity necessary for an economical separation.

Factors which affect these para-

meters are discussed below.
The 13X sieve is of the faujasite type.

It has a unit cell

formula of Na 96 (Al0 2) 96 (Si0 2) 96 . The sodium ion can be replaced by
L1.+ , K+ , Rb + , Cs + , Ca+2 , Sr +2 , Ba +2 , Cu+2 , N1.+2 , Co + , NH 4+ , an d

2

TABLE I

Composition of the Piperylene Concentrate

Component

% (by wt.) Composition

cis, trans-pentene

1.1

2-methyl-1-butene

1.8

2-methyl-1-butene

9.5

C6H12 + 4-methyl-pentene
cyclopentene

1.6
28.3

trans-piperylene

35.1

cis-piperylene

19.8

remainder *

*

2.8

Consists mainly of c4 to c6 unsaturated hydrocarbons, isoprene,
cyclopentadiene and other materials in varying amounts.

3

others 2 . Up to 50% of the sodium ions can be decationated without
destroying the zeolite structure.

The 13X sieve was used as it has

larger pore openings and cavities than the 5A sieve which has shown
very low adsorptive capacity for piperylene concentrate when used
in conjunction with polymerization inhibitors 1 . It is well known
that the 13Y sieve has higher catalytic activity than the 13X so it
was eliminated as a choice.
Both Bronsted and Lewis acid sites are found on molecular
sieve surfaces.

Hydroxyl protons are the Bronsted sites.

The Lewis

sites are charge compensating cations or trigonal aluminum atoms
H

I

Q

.........

(
/

/ ·.. /
Si, _,A 1 )

'"

'

at oxygen deficient sites or at cation positions.

A solid acid

molecule is capable of transferring a proton to the adsorbed basic
molecule (Bronsted acidity} or accepting an electron pair from the
adsorbed molecule to the solid surface (Lewis acidity}.
A Lewis site is generated upon the dehydroxylation of two
hydroxyl groups.

It is assumed that a trigonal coordinated alumi-

num atom and a positively charged silicon atom are formed, but this
has not been proven directly 3 ' 4 . The proposed reaction occurs in
the following manner 3:

1)

4

For bivalent cations, Ward 5 proposed the dehydroxylation formed
electrophilic sites with the formation of metal oxide.

This would

likely occur as in equation 2:
t'OH+

Surface hydroxyl groups are generated in two ways under the conditions of this experiment, by the dissociation of water molecules in
the presences of the strong electrostatic fields of the cations,
and by the reduction of Group VIII or Group IB cations to a lower
valency state.

The former is assume to occur in the following man-

ner for bivalent cations:
M+2 (H 0)
2 n

The freed proton reacts with the lattice oxygen to form another
decationated Bronsted site.

Acid Sites and the Effect of Cations
Polymerization is thought to occur at acid sites within the

5

sieve.

The polymerization of a diene or olefin fits easily into the
classical carbonium ion theory 6 ' 7 as in the following reaction:
5)
CH -CH=CH + H+
3
2

~

+
[CH -CH-CH ]
3
3

CH 3-CH=CH 2

+
)

[CH -fH-CH -CH-CH ]
3
3
2

~CH 3

+
H +

CH 3 -fH-CH=CH-CH 3
CH 3
+

[CH 3-yH-CH 2-yH-CH 2-CH-CH 3]
CH 3
CH 3
In order to understand the effect of zeolite structure on polymerization, it is necessary to understand the effect of charge compensating cations on these acid sites.
Hirschler8 suggested that cations through polarization tend to
free (make acidic) a proton of a hydroxyl group attached to an adjacent silicon or aluminum atom, or a proton of a water molecule attached to the cation itself.

The greater the field of strength of

the cation the stronger would be the resulting acidity.

Later Rich-

ardson 9 proposed a model of the effect of faujasite cations on the
activity of a catalyst in which he attributed ionic potential of the
cation to the increased acidity of hydroxyl protons including a
whole distribution of acid strengths in which increasing the cation
ionic potential shifts the whole distribution to higher acid
strengths.

Furthermore, a small concentration of active sites is

6

necessary for catalytic activity.

Acid strengths above a certain

value will catalyze a specific reaction.

More acid sites are shift-

ed into this catalytic range by shifts in the distribution to a
higher strength.
Several studies show that the nature of the exchanged cation
influences the pore opening sizes and shapes within the molecular
sieves as well as the acidity (catalytic activity) and selectivity
of the sieve.

Alkali and copper cation exchanged X zeolites were
reported by Ward 10 as showing no Bronsted activity as measured by
IR adsorption bands using pyridine as the sorbate.

For the Alka-

line earth forms the Bronsted acidity decrease with increasing
cation radius and decreasing electrostatic field.

For the transi-

tion metals no simple relationship of catalytic properties to
cationic radius or electrostatic field was found.

Interestingly,

copper-exchanged X zeolites exhibited no catalytic activity.

Silicon Aluminum Ratio
Zeolites may be dealuminated by the use of chelating agents
such as ethylenediaminetetraacidic acid.

Kerr reported the remov-

al of about a third of the aluminum from the sodium form of the Y
zeolite.

Treatment with stronger acid solutions remove increasing

amounts of aluminum11 . The total acidity of aluminum deficient
zeolites decreases at the beginning of aluminum removal while the
. cons t an t 12 . The efficiency, however, of an
s t rang ac1"d"t
1 y rema1ns

7

aluminum site towards an acid-base reaction in the supercage increases with dealumination because of a decrease in charge density
(repulsion) of the aluminum atoms 13 . A side benefit of dealuminated zeolites may be their increased structural stability.

For

decationated X zeolites the structural stability is greatly enhanced with dealumination 12 . At high Si/Al ratios a nest of hydroxyl
groups are formed by the follov1ing reaction:
Si
Si
r

I

+

H30 I
- Si -0-Al-0-SiI
I
I

I

6)

~

I

0

H

>

Si-0-H

H-0-Si

0

H

Si

0

'

I
I

Si
It seems that by decreasing the Si/Al ratio slightly there may
be a decrease in activity and possibly an increase in adsorptive
capacity.

Polymerization Inhibitors
Polymerization inhibitors have been added to molecular sieves
to counteract the catalytic acitivity at acid sites.
bases react with the acids sites of the zeolite.

Adsorbed

Among basic mole-

cules that have been used are ammonia, aliphatic primary, secondary, tertiary amines, and pyridine and piperidine.

IR spectra show

that the adsorbed base is protonated by reaction with surface hydroxyl groups and/or interacts with charge compensating cations or

8

Lewis acid sites through the formation of coordinative bonds 14 , 15 .
It has also been reported that these compounds and other similar
bases can inhibit polymerization of olefins and dienes.

To be

effective, a polymerization inhibitor must not lower the adsorptive capacity of the sieve, and it must completely inhibit the
polymerization.

The affinity of the inhibitor must be high enough

so that it is not lost from the sieve bed during the desorption
cycle.

Otherwise an inhibition would be only temporary, and it

would be necessary to co-adsorb inhibitor with the feed.
British patent 842431 16 reports the use of ethylenediamine,
dimethylamine, and ammonia as polymerization inhibitors for piperylene separation on a SA sieve.

It was reported that ammonia was

lost during the desorption cycle, but the other nitrogenous bases
remained on the sieve.

However, earlier attempts at this univer-

sity1 could not duplicate the results of this patent.

Although

the nitrogenous bases did decrease polymerization to some extent,
the initial adsorptive capacity of the sieve bed was lowered.

The

bases were lost during desorption and the adsorptive capacity of
the sieve bed was decreased further over several runs.
Dutch patent 6516208 17 reported the use of H2s as an inhibitor. H s permanently inhibited polymerization and did not reduce
2
the adsorptive capacity of the bed. Earlier work at this university1 resulted in a larger amount of polymerization with H2S.
Mercaptans were not attempted.

9

Chemisorption Modifications
It is possible to introduce a more permanent change in the
acidity of a zeolite by reacting a compound which will
hydroxyl groups with an organic or silyl group.

11

Cap

11

the

Barrer; et a1 18

silylated a number of sieves with SiH 4 . They postulated the following reactions:

7)

SiH 4 + HOSi::

8)

::s;QSiH
/
.........
3 + HOSi~

The degree of silylation depended on the temperature of the reaction and the addition of water to form more hydroxyl groups followed by further silylation.
low as 30°C.

Reactions occurred at temperatures as

A larger degree of silylation, at higher tempera-

tures, decreased the adsorptive capacity of the sieves.

Dealumin-

ation with HN0 3 followed by silylation decreased the capacity as a
larger number of hydroxyl groups were formed by the severe dealumination method.
McAteer and Uytterhoeven 19 used Si(CH 3) 4 as the silylating
reagent. The methyl groups replaced the proton in the hydroxyl
groups in a similar fashion as can be seen in the followi.ng reactions:

10

9)

10)

)

Converting the hydroxyl groups to methoxide or butoxide groups
might also eliminate Bronsted sites.

The product would be an organic umbrella as in hydrophobic silica gels 20 . If the adsorbate

were unable to approach close to the hydroxyl groups left on the
sieve after treatment then acid catalyzed polymerization would be
less likely to occur.
The research described in this report is concerned with chemical modification of molecular sieves by cation exchange, dealumination, and polymerization inhibitors to decrease catalytic acitivity while maintaining good selectivity, and high adsorptive capacity.

Cation exchange with copper, iron, alkaline earth, and alkali

metals were attempted.

Mild dealumination and dealumination fol-

lowed by silylation were attempted.

Other permanent modification

methods attempted included the use of methylation and esterification reactions to cap the acid hydroxyl groups of the sieve.

EXPERI~~ENTAL

Apparatus
The column containing the zeolite was 28 x 3/8 stainless
11

11

steel pipe which was equipped with 1/8 Swagelok valves at each
11

end so that the column could be removed from the apparatus for
weighing without exposing the zeolite to the atmosphere.

Heat

was supplied by a heating tape wrapped around the column and was
controlled by a variable transformer.

The average temperature

was measured by three thermocouples connected in parallel.

The

feed and product 1i nes were 1/4 and 1/8 copper tubes heated to
11

150°C with heating tape.

11

Vapor samples were taken at sample ports

at the entrance and exit of the column.
Adsorption and desorption could be accomplished by the opening and closing of appropriate valves (see Figure 1).

Desorption

could be either co-current or counter-current.
Feed was delivered by a motor driven syringe (30 cc Perfectum
Micro-Mate interchangeable syringe) connected to a 1/16 11 x 8 11 thin
wall Teflon tube connected to a 1/8 11 Swagelok valve.

The product

1eft the co 1umn through a 1/8 x 6 thin wa 11 Teflon tube connect1
'

11

ed to a cold trap maintained at -80°C by a isopropanol filled Dewar
flask equipped with a refrigeration coil.

The cold trap consist-

ed of 7 test tubes (12.5 mm x 1.5 rmn) connected in series by 1/8

11

Column

Trap

LfJTIJ
Carbon

Cold
Trap

Rotameter

Motor Driven
Syringe

Polymerization
Inhibitor

I

To Vacuum

Figure 1. Apparatus for separation of piperylene concentrate; adsorption of nitrogenous bases
vapor phase reaction of methylchloride.

Nitrogen

Rotameter

Oven

Nitro en Carrier Gas
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glass tubing.

The last tube was fitted to a 150 mm drying tube

filled with activated carbon.

Method of Analysis
Two gas chromatographs were used for analysis, a HewlettPackard 5710 Gas Chromatograph equipped with a flame ionization detector and a Perkin-Elmer Sigma I Gas Chromatograph equipped with
flame ionization and thermal conductivity detectors.

During the

course of the experiment the chromatograms recorded from each instrument for the piperylene concentrate feed were compared to see
if the two were in agreement.

The chromatographs contained identi-

cally packed columns.
Two gas chromatography columns of 1/8 stainless steel tubing
11

were connected in series. A 10• stripper column of 15% bis (2methoxyethyl) adipate on Chromosorbe WNAW (60-80 mesh) held back
the heavier hydrocarbons, while the lighter components were carried
into a 20• analyzer column of 20% sebaconitrile on Anakrom C22AW
(80-90 mesh).

The temperature program used for the analysis on the

Hewlett-Packard consisted of 34°C for 30 minutes followed by a 4°C/
minute rise to 100°C.
ute.

The helium carrier gas flow was 30 cc/min-

For the Perkin-Elmer the temperature was held constant at

60°C for 30 minutes while the helium flow was maintained at 25 cc/
minute.
Retention times for the initial use of the Hewlett-Packard are

14

shown on Table II.

The retention times for the Perkin-Elmer were

similar and the order of elution was the same for each chromatograph.

During the course of this experiment, the elution times

decreased and the columns were replaced if the separations were
inadequate.
The response factors were taken from literature values 21 ·
For most components the values were approximately 1.0.
was 1.12 and toluene 1.07.

Benzene

Response factors not listed in the

literature were calculated using standard samples and found to be
approximately 1.0.

Adsorption and Desorption Procedure
Piperylene concentrate was delivered to the pretreated vertical molecular sieve bed (38-42 g) maintained at 60°C with feed
rates of 0.05 to 0.15 g/minutes. The adsorption

s~age

was contin-

ued until the concentration of the column effluent approached that
of the feed.

At the end of the adsorption cycle a

p~rge

cycle was

begun with a Nitrogen flow of 30 cc/minute that lasted between 900
and 2400 seconds. The purge cycle was completed when the effluent
composition showed a rise in cis- and trans-1,3-pentadiene composition.

The column was then weighed to determine the adsorptive

capacity of the sieve expressed as g adsorbate/g sieve.
The molecular sieve bed was then desorbed with a preheated
nitrogen flow of 30 cc/minute with the bed maintained at 150oc

15

TABLE II

Retention times of the components of the Piperylene Concentrate
for the Hewlett-Packard Gas Chromatograph.

Component

Retention Time (min. )

cis, tra ns-pentene

12.90

2-methyl-1-butene

13.95

2-methyl-2-butene

15.45

c6H12

17.70

+

4-methyl-pentene

isoprene

21.30

cyclopentene

22.65

butyne + 2-methyl-pentene

25.35

trans-piperylene

26.55

cis-piperylene

28.95

1,5-hexadiene

30.55

C6H10

31.35

cyclopentadiene

33.30

dicyclopentadiene

42.75

benzene

47.85

16

and 100 Torr vaccum.

The column was then weighed every half-hour

until a constant weight was observed.

Thus the number of g desor-

bed could be attained and the percent desorption expressed as g
desorbed product/g adsorbate x 100.

The trapped product was weigh-

ed and analyzed on the gas chromatograph.

Measurement of Residual Water and Hydroxyl Groups
The method of Moscou and Lakeman 22 was used to determine the
amount of residual water and hydroxyl groups for the copper exchanged and the sodium 13X sieve.

Both sieves were dried in an oven

at 170°C for several days.
1)

Loss of weight on ignition
The weight loss on ignition was determined after calcination at 1000°C for 1 hour.

LOI is assumed to give the sum of

all water and 18/34 part of the hydroxyl groups present (because 20H
2)

-~>

>0 + H20).
Karl Fischer Titration
This method is based on the well known reaction of water

with the KF reagent, iodine and so 2 in combination with pyridine, in a methanol solution. Titration with a constant excess of reagent and extrapolation of the titration curve to
time zeo was performed to exclude a possible reaction of hydroxyl groups in the zeo 1i te

v~i th

the reagent.

The water

equivalent, F, of the Karl Fischer reagent in milligrams per

17

milliliter was determined as follows 23 :

F = DE/A where

A =milliliters of reagent required for titration of the standard,

D =milliliters of water-in-methanol standard required for,
and

E =milligrams of water per milliliter in the water-in-methanol
standard.
To calculate the water content of the sample the following
equation was used:

H20%
where:

= ((AF x 0.001/W) x 100)

A =milliliters of reagent required for titration of the sample,
F =water equivalent, in milligrams of water per millilieter of

KF reagent, and
W=

3)

grams of sample.

The Lithium Aluminum Hydride Reaction
This analysis is based on the reaction of water and acidic
hydroxyl groups with the evaluation of hydrogen gas in the following manner:

4ZOH + LiAlH 4

----~)

LiAl(OZ) 4 + 4H 2

18

Non-acidic hydroxyls do not react.
The reaction was carried out in an inert atmosphere box
by adding LiAlH 4-dibutylether to a glass bottle, containing the
zeolite, connected to a gas buret. The amount of hydrogen
evolved was read from the buret after 3-6 hours reaction time.
The combined acidic hydroxyl and water content of the sieve
expressed as % water is given in the following equation:

% water:

pl

273

[{a·-·-)
76
T
1

p2 273
18 100
(b·76 . T )]· 2. 1000
2

. -g1 .

1

22.4]

where:
a= milliliters of H2 gas evolved (sample);
b =milliliters of H2 gas evolved (blank);
P1 , P2 =barometer reading (em Hg);
T1 , T2 = temperature of gas buret (k);
g =weight of sample (g).
The combination of the above three methods gives the following
information:
1) LOI - LiAlH 4 = H20 + OH in sodalite cages and non-acidic OH in
supercages,
2)

LOI - KF = H 0 + OH in sodalite cages and OH in supercages, or
2
if no hydroxyl groups are present H o in soda 1 i te cages,
2

3)

LiAlH 4 - KF =acidic OH in supercages.

19

Molecular Sieve Modification and Preparation
The 1/16" pellets were placed in the column using two stainless steel wire gauze plugs to hold the sieve in place.

The end

fittings were then tightened and the column put in the apparatus.
The system was checked for leaks by capping the output lines and
opening all valves.

If the system showed no nitrogen flow at 50

psig it was considered to be leakfree.

The molecular sieve was

then dried with a heated nitrogen flow for 30 minutes at 290-300°C.
The nitrogen inlet was then closed and the system evaculated at 1
Torr for 30 minutes.

The column was then closed and removed for

weighing to determine the weight of the dry sieve.
The adsorption of polymerization inhibitors and trimethylchlorosiland (vapor phase) and methylchloride was performed with a
nitrogen carrier gas flow of 90 cc/minute.

Dimethylamine was added

to the sieves at a flow rate of 10 cc/minute.

The flow rates of

pyridine, piperidine, trimethylchlorosilane and methyl chloride was
set at 0.10 cc/minute.
at 150°C.

All polymerization inhibitors were adsorbed

The weight of the column was taken every 30 minutes

until a constant weight was observed.
Silylation was also performed in a liquid phase batch mode
using cyclohexane as the solvent.

The mixture was refluxed for 5

hours, washed with cyclohexane and dried in an oven at 170°C for
several hours.
Esterification was performed at the boiling point of n-butanol

20

with a large excess of n-butanol of 5 hours.

The sieve was then

dried in an oven at 170°C for several hours.
Cation exchange was performed with 1M solutions of the appropriate salts, which were allowed to come to equilibrium for several
hours.

The cation exchanged sieves were washed at least ten times

with water and dried at 170°C for several hours.

DISCUSSION AND RESULTS

Performance of 13X Molecular Sieve Without Polymerization Inhibitor
Several runs were performed on a 13X sieve without polymerization inhibitors or other modifications. This established a baseline for adsorption capacity and percent desorption so that the efficacy of inhibitors and other modifications could be ascertained.
It is enlightening to analyze the results of the first run
separately.

The selectivity of the untreated sieve is greater for

the cis and trans piperylene than for the cyclopentene as can be
seen from examination of the data in Table III.
Even with this high separation the desorption product (the
recovered adsorbate) was only marginally more concentrated in the
cis and trans piperylene than was the feed.

This can be attribu-

ted to the low percent desorption (23.2%) of the material trapped
in the sieve cavities.

The adsorption

product~

assuming no poly-

merization occurs under the conditions of adsorption, represents
a maximum possible separation.

As such then it would be a good

measure of the selectivity of different zeolites and modification
of zeolites towards the major components of piperylene concentrate.
Differences in expected high concentrations in the desorption product must be attributable to loss via polymerization of trans-piperylene and cis-piperylene.

Since these isomers have a greater
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TABLE III

Major Product Composition Using the Untreated 13X Sieve During The
First Run.

Percent ( wt.)

Component

Adsorption Product
(raffinate)
cyclopentene
trans-piperylene
cis-piperylene

64

8.0

12

Desorption Product
(adsorbate recovered)
25

41
26
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degree of unsaturation they are more tightly bound to the polar
sieve and have a greater contact time with the active sites within the cages.
Figure 2 shows a large loss in adsorptive capacity over the
three runs with this loss being attributed to buildup of polymer
within the pores and at pore openings.

Pore openings of the 13X

sieve allow molecules with an effective diameter less than 10 A
to be adsorbed.

The internal diameter of the faujasite cavity is
12.5 A and its volume is about 850 A3 2 . Thus a small amount of
polymer at the pore openings would effectively inhibit adsorption
of the piperylene concentrate feed.
Data plotted in Figure 3 show a significant increase in relative rate of desorption with consecutive runs.

However, the

actual weight of desorbed product decreases over the three runs,
as a result of decreased adsorptive capacity.

It is possible that

polymer formed on active polymerization sites caused a decrease in
activity of those sites.

Furthermore, it seems likely that the

decrease in polymerization is also caused by blocking of pore
openings and an inability of the feed to come in contact with
polymerization sites within the cages of the zeolite.
The selectivity during successive runs decreases as is
shown in the adsorption product composition (Figure 4).

During

the third and final desorption, however, the product composition
(Figure 5) is not very much richer in the cis and trans isomers
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Figure 2.

Change in adsorptive capacity using the untreated 13X
sieve during consecutive runs.
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Figure 3.

Change in percent desorption capacity using the untreated
13X sieve during consecutive runs.
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Figure 4.

Change in average adsorption product composition using
the unmodified sodium 13X sieve during consecutive runs.
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Figure 5.

Change in average desorption product composition using
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than was the piperylene concentrate feed.
The unmodified sodium sieve was steam regenerated at 100°C
and then heated at 400°C for several hours in air.

The raffinate

was collected as a brown, water soluble substance.

This indicated

that the hydrocarbon polymer had been altered permanently by oxidation during the steam regeneration.

The regeneration process

brought the sieve bed back to its initial preadsorption weight,
however, when retested for its separating ability.

Copper Exchanged 13X Molecular Sieve Without Polymerization Inhibitor
Copper exchanged X zeolites have been reported as showing no
Bronsted acidity 10 , as measured by pyridine adsorption bands. It
was further considered that copper would form a chelate with the
pentadienes and therefore preferentially adsorb them.

Therefore,

four consecutive runs were made with copper exchanged sieves in
the absence of a polymerization inhibitor.
Essentially the copper exchanged 13X sieve retained all of
the piperylene concentrate under the conditions of adsorption.
of the piperylene concentrate feed was retained on the sieve.
effect, no separation was made.

99%
In

Apparently the fresh copper sieve

has nearly the same affinity for the cyclopentene for the cispiperylene and trans-piperylene (see Table IV).
surprising as it might first seem.

This is not as

Copper Y sieves have been used
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TABLE IV

Average Product Composition of the Copper Exchanged Sieve for the
First Run

Component

Percent (wt.)
Adsorption Product

Desorption Product

Feed

cyclopentene

48

30

28.3

trans-piperylene

18

40

35.1

cis-piperylene

12

22

19.8

30

by Rossback 24 for the separation of olefins from parrafins.

Al-

though the separation is poor, the percent desorption was significantly improved as 99.6% desorption was observed.

In addition,

the adsorptive capacity was 0.42 g adsorbate/g sieve which is considerably higher than the unmodified sieve.
Over a series of four runs the adsorptive capacity decreased
considerably.

The second run had a high adsorptive capacity of

0.26 g adsorbate/g sieve and the percent desorption remained high
at 98.7%.

However, the adsorptive capacity and percent desorption

was observed to drop radically in the third and fourth trials
(see Figures 6, and 7).
Average product composition as shown in Figures 8 and 9 show
approximately the same values for the first and second runs.

How-

ever, the second run showed a lowered retention of piperylene concentrate feed on the sieve.

60% of the piperylene concentrate was

retained on the sieve as compared to 99% of the piperylene concentrate feed during the first run.

The two final runs showed con-

siderable polymerization and both the adsorption product and desorption product were high in cyclopentene with cis-piperylene
and trans-piperylene remaining on the bed as polymer.
Two major problems were encountered with the use of the
copper exchanged 13X sieve during the four consecutive runs.

First

the copper exchanged sieve gave a poor separation initially.

This

may be attributable to the forming of pi-bonds with both olefins
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Change in the adsorptive capacity using the copper exchanged 13X sieve.
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Change in percent desorption using the copper exchanged
13X sieve.
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Change in average adsorption product composition using
the copper exchanged 13X sieve during consecutive runs.
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and diolefins that are strong enough to retain both the olefins
and diolefins at the adsorption conditions (60°C).

However, this

may be somewhat improved upon by using a lower flow rate.
Second, the copper exchanged sieve undergoes extensive polymerization by the third run. This may be due to two factors.
Lygnin 25 has shown that the position of the cupric ion in an exchanged sieve in the ultra violet spectrum is close to that of
the (Cu(H 2o) 6)+ 2 complex. This indicates that the cupric ion enters the hydrated zeolite as a hexaquo complex. During desorption
at 150°C is is likely that the dienes could chelate with the cation and replace some of the water molecules.

Some of the water

may have been driven off and exposed the cation simply by heating
the sieve to 150°C.
A second possibility is that autoreduction of the cupric ion
to the cuprous ion may be occurred as Jacobs 26 reports:
Cu +1

Cu +2

, - /o, /o, ,..a,- /

2 Al·
/

,_,..,

Si

'-/

Si,

"/

Al

'-

T

,-

~ Al
-f1T

o'- .))"-

Si /si

'/ '

Cu +l

,- /o, /o, /o,- /

'-

+/Al /Si,/Si, /Al
'

'

'

'

Both the loss of water of hydration and the autoreduction of the
cupric ion may contribute to collapse of the structure of the
copper exchanged sieve.

It is not certain that the structure of

this sieve collapsed, but collapse of a copper exchanged sieve
10
has been reported at higher temperatures (480°C) by Ward .
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The Water and Acidic Hydroxyl Group Content of the Unmodified
Sodium 13X Sieve and the Copper Exchanged 13X Sieve
Since the copper exchanged sieve showed high adsorptive capacity and high desorption rate for the first two runs, an attempt
was made to characterize the surface of this sieve by analyzing
for the water and hydroxyl group content.

Experimentally these

parameters were determined by using a Karl Fischer (KF) titration,
lithium aluminum hydride reaction, and loss of weight on ignition,
(LOI).

The results are shown in Table V.

This data shows that

the unmodified Na X sieve has a higher water content than the
copper exchanged sieve.

The copper exchanged sieve shows a small

number of acidic hydroxyl groups to be present on the surface of
the cavities.

The Na X sieve shows no surface acidity.

In terms

of activity of catalyzing polymerization of piperylene concentrate
it appears that the presence of acidic hydroxyl groups is not the
only determining factor.

Cation interaction with the adsorbed

dienes must also be an important factor in these zeolites with
low surface acidity.

Copper Exchanged 13X Sieve With Di.methyl amine as a Po 1ymeri za ti on
lnhi bi tor
Several consecutive runs with dimethylamine as a polymerization inhibitor were made to determine if this treatment would prevent the lowering of adsorptive capacity that was seenin the cop-

1.9

4.4

2.3

4.3

4.53

6.6

CuX

Na X

KF

LiAlH 4

LOI

2.3

2.2

LOI - LiAl H4
(H 2o and OH in
soda 1i te cages)

2.6

2.2

----

LOI - KF
(H 20 and OH in soda
lite cages and in
suQ_ercages)

0.4

LiAlH 4 - KF
(acidic OH in
supercages)

Sodium 13X at 150°C (expressed as % H2o)

Acidity and Water Content of Copper Exchanged 13X Sieve and the Unmodified

TABLE V
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per exchanged 13X sieve.

Sieve adsorptive capacity was very low

for all three runs (Figure 10).

Sieve adsorptive capacity in-

creased from .013 g adsorbate/g sieve .016 to 0.268.

This slight

rise over three runs can be attributed to the loss of dimethylamine over the successive runs.

Initially, dimethylamine loading

was 1.02 mmoles/g sieve, but by the third run, assuming no polymerization in the first two runs the dimethylamine loading was
0.740 mmoles/g sieve.
The percent desorption could not be accurately determined
because of some loss of dimethylamine during the desorption
cycle.

However, if the loss of dimethylamine is neglected the

desorption falls from 100% in the first two runs to 93.4% in the
final run (Figure 11).

Separation of the piperylene concentrate

was not outstanding for the first two runs and

by

the third run

was very poor (Figures 12, 13).
The problems with the dimethylamine treatment of the sieve
are the low capacity, the loss of dirnethylamine and the consequent
increase in polymerization.

Performance of 13X Dealuminated Sieve Without Polymerization Inhibitor
One run was performed on a dealuminated 13X Sieve without
polymerization inhibitors to establish a baseline for adsorptive
capacity and percent desorption.

Table VI compares the unmodified
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Figure 10. Change in adsorptive capacity using the copper exchanged
13X sieve with dimethylamine as a polymerization inhibitor during consecutive runs.
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Figure 11.

Change in percent desorption of the copper exchanged
13X sieve with dimethylamine as a polymerization inhibitor during consecutive runs.
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Figure 12.

Change in the average product composition of the copper
exchanged 13X sieve with dimethylamine as a polymerization inhibitor during consecutive runs.

Legend:
0
trans-pi peryl ene
•
cis-pi peryl ene
~
cyclopentene

42

~

u

60

0

50

:::::;,
"'0

s...

o_

-.

4-~

0

40

s:::~

03.
.,.....___..
~

30

•rU")

0

0.

20

E
0

u

10

1

2

3

Run Number

Figure 13. Change in the average desorption product composition of
the copper exchanged sieve with dimethylamine as a polymerization inhibitor during consecutive runs.
Legend:
0
trans-piperylene
•
cis-piperylene
6
eye 1open tene

43

TABLE VI

Performance of 13X Dealuminated Sieve Without Polymerization
Inhibitor

13X

.20

.15

Adsorptive Capacity
g adsorbate/g sieve
percent desorption
(g recovered adsorbate/
g adsorbate) x 100

De a1 umi na ted 13X

23

15

44

13X sieve to the dealuminated 13X sieve.

The leached zeolite has

a higher adsorptive capacity but a lower percent desorption.

This

is possibly due to an increase in volume within the cavities when
aluminum is removed.

The lower percent desorption may be due to
an increase of the effectiveness of each acid site 12 , 13 .
The sieving effect of the dealuminated sieve was minimal as can
be seen in Table VI.

Performance of the Dealuminated 13X Sieve With Dimethylamine as a
Polymerization Inhibitor
During the initial run dimethylamine loading was determined
to be 2.40 mmoles dimethylamine/g sieve.

This high loading is re-

sponsible for the low adsorptive capacity of the first run shown
in Figure 14.

Assuming that the hydrocarbon was completely remov-

ed enables a calculation of a new dimethylamine loading of 2.08
mmoles dimethylamine/g sieve.

The lower dimethylamine loading

meant that the sieve might have a greater adsorptive capacity on
subsequent runs.

On the following run the new adsorptive capacity

rose to 0.27 g adsorbate/g sieve; however, this gain was not seen
in the final run where the adsorptive capacity fell to 0.027 g
adsorbate/g sieve.
There are two possible reasons for the change in adsorptive
capacity.

First, the high dimethylamine loading of the first run

apparently blocked the pore openings so that adsorption of the
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Figure 14.

Change in adsorptive capacity using the dealuminate 13X
sieve with dimethylamine as a polymerization inhibitor.
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hydrocarbon was low.

Second, the loss of some of the inhibitor

during the desorption stage of the first run opened the pore cavities to the hydrocarbon feed on the subsequent run.

However, the

new dimethylamine loading was not sufficient to inhibit polymerization, and the pore openings were blocked by polymerized piperylene at the openings or within the cavities.

Consequently, the

adsorptive capacity of the final run was low.
Looking at the percent desorption shown in Figure 15 it can
be seen that the second run indeed showed polymerization of the
piperylene as only 93.8% desorption occurred (including some loss
of inhibitor).

The final run showed again 100% desorption of the

piperylene and a loss of the inhibitor.
The change in the adsorptive capacity, percent desorption,
and dimethylamine loading is also accompanied by a change in the
sieving action of the zeolite (see Figures 16, 17).

The second

run, with an intermediate dimethylamine loading and without polymer blockage of the openings to the sieve pores, show a higher
concentration of trans isomer in the desorption product than in
the other runs.

However, the loss of sieving effect and adsorp-

tive capacity in the final run made the above treatment impractical.

The ongoing loss of dimethylamine makes analysis of this

treatment difficult.

There may be an optimum dimethylamine load-

ing which would inhibit polymerization while allowing a high adsorptive capacity and the required sieving action, but with a
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Figure 15.

Change in percent desorption using the dealuminated 13X
sieve with dimethylamine as a polymerization inhibitor.

48

60

50
40

s::....,.
.~~
30
....,
•rt/)

0
0.

E
0
u

20

10

1

2

3

4

Run Number

Figure 16. Change in average adsorption product composition
Using the dealuminated 13X sieve with dimethylamine
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Figure 17.

Change in average desorption product composition using
the dealuminated 13X sieve with dimethylamine during
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continual loss of dimethylamine it would be difficult to maintain
the proper loading.

Iron, Potassium and Barium Exchanged 13X Sieves
The iron exchanged sieve showed the highest adsorptive capacity of the three sieves.

However, the desorption was only 11.1%.

The potassium exchanged sieve and the Barium exchanged sieve had
lower adsorptive capacities.

The highest percent desorption was

35.2% which was for potassium exchanged sieve.
izes these results.

Table VII summar-

The percent desorption of the potassium ex-

changed sieve was somewhat improved over the unmodified 13X sieve.
Table VIII shows the composition of the adsorption products
and desorption products for the three sieves.

The iron exchanged

sieve exhibited the best separation for the adsorption cycle.
poor desorption rate, however, ruled out any further trials.

Its
The

potassium exchanged sieve and the barium exchanged sieve displayed
a modest separation.
Two runs were performed on the potassi urn exchanged sieve with
dimethylamine as a polymerization inhibitor.

100% desorption of

the sieve occurred with some loss of inhibitors.

The adsorptive

capacity of 0.054 g adsorbate/g sieve which is about half the capacity without an inhibitor.

Product composition was poor with

both the adsorption and desorption products bei_ng slightly
in cyclopentene.

~igher
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TABLE VII

Average Major Product Composition Using the Dealuminated 13X Sieve
During the First Run

Component

Percent ( wt.)
Adsorption Product

Desorption Product

cycl opentene

39

4

trans-piperylene

23

18

cis-piperylene

18

36

9.2
13
33

cis-piperylene

trans-piperylene

cyclopentene

Potassium

32

2

3

Iron

Adsorption Product
{raffi nate)

32
21

26

17

Potassium

16

17

12

Iron

41

14

12

Bari urn

Desorption Product
(recovered adsorbate)

42

19

Barium

Percent (wt.)

The Product Compositions for the Potassium, Iron and Barium Exchanged Sieves

TABLE VIII
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The poor product composition indicates either isomerization of
the feed or polymerization on the sieve with considerable loss of
dimethylamine during the desorption.

The second run showed a de-

crease in desorption to 70% and an increase in adsorptive capacity
to nearly that of the potassium exchanged sieve run without inhibitor.

The composition was also nearly the same on the second run

and the potassium exchanged sieve run without an inhibitor.

How-

ever, the data in Table IX shows that the potassium exchanged sieve
was not very selective.

Performance of 13X Silylated Sieve Without Polymerization Inhibitor
Samples of 13X sieve were silylated under two different sets
of conditions, one in the gas phase and the other in a cyclohexane
mixture at reflux.

Table X shows the adsorptive capacity and per-

cent desorption for the initial runs. The sieve silylated in the
gas phase has a lower adsorptive capacity than the sieve silylated
at reflux.

This may be due to a larger degree of silylation and

the resultant cross linking or to the interaction of chloro group
with the sodium cation.
methylchlorosilane.

The reagent used for silylation was tri-

It is likely that the reaction occurred, not

only at the chloro groups but also at the methyl groups. The
methyl groups of silanes have been shown to react with the hydrox18
yl groups on zeolites at temperatures as low as 30oc .
The lower percent desorption of the sieve silylated in the
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TABLE IX

Product Composition for Two Runs of Potassium Exchanged 13X Sieve
Using Dimethylamine as a Polymerization Inhibitor

Adsorption Product
(raffinate)

Desorption Product
(recovered adsorbate)

I

II

I

II

7

24

22

12

trans-piperylene

12

43

20

18

cyclopentene

21

20

37

35

cis-piperylene
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TABLE X

Adsorptive Capacity and Percent Desorption for the 13X Silylated
Sieve

Adsorptive capacity
(g adsorbate/g sieve)

Percent desorption
(g recovered adsorbate/
g adsorbate)

Reflux

Gas Phase

Unmodified 13X

0.31

0.23

0.15

31

7.8

23
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gas phase shows that the trimethylchlorosilane is promoting polymerization.

This may be due to interaction with the sodium cation

and the chloro group.

Alkyl chlorides have acted as promoters in
.
. 10n
. 1n
. t erme d.1a t es 26 . It has been proposed
reac t 1ons
w1. th car bon1um

that sodium halides are formed from the cation and the alkyl halide
promoter.

There is no direct evidence to support the contention

that the trimethylchlorosilane is acting in the same manner, but it
does act as a promoter.
The initial separations for the two silylated sieves are
shown in Table XI.

Both sieves show a very good separation as

evidenced by the composition of the adsorption product.

The de-

sorption product is low in the isomers due to polymerization.
The silylated sieve (by reflux) was used for a second separation.

The adsorptive capacity dropped to 0.016 g adsorbate/g

sieve.

The separation was poor with the adsorption product com-

position nearly equal in cyclopentene (22%) and trans-piperylene
(18%).

Pyridine and Piperidine as Polymerization Inhibitors
0.84 mmoles of piperidine/g sieve was loaded on a 13X sieve,
and 1.4 mmoles of pyridine/g sieve was loaded in a 13X silylated
(gas phase) to test these bulkier inhibitors. As expected these
inhibitors decreased the adsorptive capacity and functioned incompletely as polymerization inhibitors as is shown in Table XII.
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TABLE XI

Product Composition for the Initial Runs of the Silylated 13X
Sieves

Component

Percent (wt.)
Adsorptive Product

Desorption Product

Reflux

Reflux

Gas Phase

Gas Phase

trans-piperylene

5

9

24

35

cis-piperylene

3

11

14

18

71

65

28

38

cyclopentene
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TABLE XII

Adsorptive Capacity and Percent Desorption for the First Run on a
Piperidine 13X Sieve and Pyridine on a 13X Silylated (gas phase)
Sieve

Unmodified 13X/
piperidine

Si lyl ated 13X/
pyridine

.034

.022

adsorbate capacity
(g adsorbate/g sieve)

percent desorption
(g recovered adsorbate/
g adsorbate) x 100

28

49
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The product composition is shown in Table XIII.

Performance of 13X Esterified Sieve Without Polymerization Inhibitor
The esterified sieve was compared to the unmodified sieve and
the silylated (at reflux) sieve.

It can be seen from Table XIV

that the adsorptive capacity is greatly decreased by the esterification process.

It is likely that the higher percent desorption

of the esterified sieve is due to less feed being in contact with
the polymerization sites within the sieve cages.

This may be due

to unreacted butanol remaining in the cages or to the bulkiness of
the butyl groups which reacted to reflux.

However, even at this

low adsorptive capacity a considerable amount of the feed remained
on the sieve as polymer, and therefore esterification was abandoned.

Performance of a Methylated Sieve Without Polymerization Inhibitors
As can be seen in Table XV the methylated sieve had greatly
increased adsorptive capacity.

The percent desorption was smaller

than the unmodified sieve and very close to the value for the silylated (gas phase) sieve.

The increased adsorptive capacity of the

methylated sieve \'las due to the smaller methyl group being used to
cap the hydroxyls rather than using the larger trimethylsilyl
group.

Both the methylation and silylation may stretch the open-
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TABLE XIII

Product Composition for the Unmodified 13X/Piperidine and the
Silylated 13X/Pyridine

Percent (wt.)

Components

Adsorbtion Product
(raffinate)

Desorption Product
(adsorbate recovered)

13X

Silylated

13X

Si lyla ted

trans-piperylene

10

15

28

56

cis-piperylene

10

7

20

20

cyclopentene

24

48

24

4
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TABLE XIV

First Run Adsorptive Capacities and Percent Desorptions for Modified and Unmodified 13X Sieves

Unroodi fi ed

Adsorptive capacity
(g adsorbate/g sieve)
Percent desorption
(g recovered adsorbate/
g adsorbate) X 100

1.5

23.2

Si lyl a ted

.31

31.3

Es teri fi ed

.012

46.2
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TABLE XV

First Run Adsorptive Capacities and Percent Desorptions for Modified and Unmodified 13X Sieves

Unmodified

Silylated

Methylated

(gas phase)

Adsorptive capacity
(g adsorbate/g sieve)

Percent desorption
(g recovered adsorbate/
g adsorbate)

.15

23

.24

7.8

.55

8.2
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ings of the sieve or by their replacing hydroxyl groups increase
the capacity; this cannot be determined from the data however.

It

is important also that the percent desorption for both the silylated and methylated sieves are similar.

The two operations were

I

performed at the same conditions and showed similar increases in
weight due to the modifications (0.093 g CH 3/g sieve and 0.098 g
(CH 3)3Si/g sieve). If the reaction was solely at hydroxyl groups
then more acidic sites were attacked by the methyl chloride (6.22
mmole CH 3/g sieve) than by the trimethylsilylchloride (1.33 mmole
(CH 3) 3Si/g sieve), however, there was only a small difference in
percent desorption.

A possible explaination is that the shielding

effect of the methyl group was considerably less than that of the
trimethylsilyl group.

However, the methylchloride was acting as

a promoter 27 .
The separation as shown in Table XVI is excellent for the
adsorption cycle and shows a poor desorption cycle separation due
to polymerization.
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TABLE XVI

Percent Composition of the Adsorption and Desorption Products of
the Methylated 13X Sieve

Percent ( wt.)

Component

Adsorption Product
( raffi nate)
cyclopentene

Desorption Product
(recovered adsorbate)

62

45

trans-piperylene

3

19

cis-piperylene

2

24

CONCLUSIONS

It is possible to draw several conclusions from this report.
1.

The usefulness of nitrogenous bases as polymerization in-

hibitors, for the separation of piperylene concentrate, is limited
by several factors.

Maintenance of proper inhibitor loading is

difficult due to loss during the adsorption and desorption cycles.
The nitrogenous bases only partially inhibit polymerization, and
they cause a significant loss in sieve adsorptive capacity.
2.

The copper exchanged sieve had a high initial adsorptive

capacity for piperylene concentrate and a high percent desorption
for two runs.

This increase over the unmodified sodium 13X sieve

is thought to be due to differences in cation-adsorbate interaction
and not to differences in acidic hydroxyl group content.

Loss of

high adsorptive capacity and high percent desorption for the copper
exchanged sieve after the second run is thought to be due to either
autoreduction of the cupric ion to the cuprous ion, or replacement
of hydrated water by adsorbed diene.
3.

Silylation, copper exchange with and without inhibitor,

and dealumination with inhibitor, as sieve modifications, were
unable to retain high adsorptive capacity over several runs.
4.

The use of methyl chloride and trimethylchlorosilane to

modify the 13X sieve increased the adsorptive capacity of the
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sieve.

However, when these reagents were applied in

th~

gas phase

(300°C), polymerization of the adsorbed piperylene concentrate was
observed to increase.
5.

It may be possible to replace the hexaaqua complex on

the copper exchanged sieve with a hexaammine complex.

The ammonia

would be more tightly bound to the cupric cation than water is,
and the hexaammine complex might be more stable than the hexaaqua
complex at desorption temperature.

A copper exchanged sieve with

a hexaammine complex should have an adsorptive capacity as high as
that of a copper exchanged sieve with the hexaaqua complex, and
might be less likely to show polymerization over a series of consecutive runs.
6.

Since trimethylchlorosilane acted as a promoter of poly-

merization, silylation should be attempted with a reagent that
does not contain a halogen.

Both silane and tetramethylsilane

are reagents that would silylate the sieve without introducing a
halogen to the sieve.
7.

Methylchloride increases the adsorptive capacity of a

sieve for piperylene concentrate when the methyl chloride was
applied in the gas phase.
polymerization.

Methylchloride acts as a promoter of
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